It was discovered by Lang (1933) , and has been crystallized from ox liver by Sorbo (1953a,b) and from kidney by Westley & Green (1959) . The enzyme is widely distributed in Nature. In animals the largest amounts are found in liver and kidney cortex, the smallest in skeletal and smooth muscle, bone marrow and spleen (S6rbo, 1953c) . Its occurrence in the roots of plants has been reported (Castella Bertran, 1954) . In bacteria, rhodanese has been shown to be present in E8cherichia coli (Stearns, 1953) , Thiobacillus thiocyanoxidars (McOhesney, 1957) and T. denitriftcan. (Woolley, 1961) .
The formation of CNS-from colloidal sulphur and CN-is catalysed by a different enzyme, rhodanese S, present in blood serum (S6rbo, 1955) .
The biological role of rhodanese is not clear, although its possible function in cyanide detoxification has been repeatedly stressed. Rhodanese and thiosulphate added to cyanide-inhibited cytochrome c oxidase give a rapid reactivation of the latter enzyme (S6rbo, 1957) . The inhibition of cytochrome c oxidase is the chief reason for the high toxicity of cyanide, since the cyanide complex can no longer act as an electron acceptor in the chain (West & Todd, 1961) .
No differences were observed in a comparison of rhodanese from liver and kidney (Westley, 1959) .
The reasons for the present work are twofold:
(i) to compare the properties of ThiobacilluB rhodanese with those of the mammalian enzyme to see whether any species differences exist; (ii) to add to knowledge of the thiobacilli, whose metabolism is very imperfectly understood. Rhodanese is a sulphurtransferase, and sulphur is central to the metabolism of these organisms. Moreover, one of the substrates of rhodanese is thiosulphate, the energy source ofT. denitriftcans used in these studies.
A preliminary report on rhodanese from T.
denitrificans has been published (Bowen, Butler & Happold, 1965) .
MATERIALS AND METHODS
Organi8m and culture. The organism used was Thiobacillus denitrificane, Oslo strain, originally obtained from Dr K. S.
Baalsrud, and maintained in this Department.
The growth medium was that of Baalsrud & Baalsrud (1954) and contained (per 1.): Na2S203,5H20, 5g.; KNO3, 2g .; NH4Cl, 0-5g.; MgCl2,6H20, 0-5g.; KH2PO4, 2g.; NaHCO3, 1g.; FeSO4,7H20, 0-01 g. The organism was maintained in 30ml. screw-capped bottles, completely filled with the above medium, and stored at -5'. Subcultures were made at monthly intervals by using a Iml. inoculum.
During incubation for 3 days at 300 a bubble of gas formed and the medium became turbid owing to precipitation of sulphur and an increase in bacterial population. Assay of enzyme. The method used was a modification of that of Bowler (1944): a mixture of 1-5ml. of 0-067M-phosphate buffer, pH8-1, 0-5ml. of 01M-Na2S203 and 0-5ml. of enzyme solution was preincubated for 10min. at 300, and then 0-5ml. of 0-1M-KCN was added. After a further 10min. the reaction was stopped by adding 0-25 ml. of formalin. Then 2-75ml. of 16% (w/v) Fe(NO3)3 in N-HN03 was added, and the extinction at 470m,u was determined in a Unicam SP. 600 spectrophotometer, reading against a blank consisting of the complete system but to which the formalin had been added before the cyanide. A calibration curve was prepared by using known amounts of KCNS: a linear relationship was found up to extinction 1-0, corresponding to 1304 m,umoles of KCNS.
Protein estimation. Protein was estimated either by the biuret method of Robinson & Hogden (1940) or by the Lowry modification of the Folin-Ciocalteu method (Lowry, Rosebrough, Farr & Randall, 1951 Attempts to prepare extracts by using the Hughes press and extraction of acetone-dried cells, either alone or in conjunction with the butanol procedures of Morton (1955) , gave less active extracts, 20-39% of the activity being recovered.
Preliminary treatment of extracts. Small amounts of deoxyribonuclease and ribonuclease were added to break down nucleic acids. The enzyme was then precipitated by the addition of ammonium sulphate to 2M, at pH7*8. After centrifuging, the precipitated protein was dissolved in 0 01M-tris-hydrochloric acid buffer, pH 7-2, containing sodium thiosulphate (0.01M) and dialysed overnight at 00 against this buffer. Thiosulphate was incorporated because Sorbo (1953a,b) found it had a stabilizing effect on mammalian rhodanese. Although fractionation at pH 7-8 gave a broad precipitation of activity, a 60% recovery was obtained. Precipitation at pH3-8 or 5*8 gave somewhat sharper fractionation of activity, but a much lower recovery of total activity.
Behaviour on Sephadex. The mol.wt. of rhodanese, 37100 from mammalian sources (Sorbo, 1953a,b) , would appear to render it suitable for purification on Sephadex G-75 (nominal exclusion limit 50000). Fig. l(a) shows the elution of 5ml. of extract from a column (2cm. x 25cm.) of Sephadex G-75 equilibrated with 0-01 M-tris-hydrochloric acid buffer, pH 7 2, containing sodium thiosulphate (001M): most of the activity was excluded from the gel. In subsequent experiments with Sephadex, 0-1 M-tris-hydrochloric acid buffer, pH 7-2, containing sodium thiosulphate (0-01 M) was used unless otherwise stated. Fig. 1(b) shows the elution of 5ml. of extract from a column (2-3cm. x 30cm.) of Sephadex G-100 (nominal exclusion limit 100000); elution from a column of Sephadex G-200 (nominal exclusion limit 200000) is shown in Fig.  1 (c). In both experiments the buffer concentration was 0O01M.
In an effort to break down these rhodanese aggregates and obtain the enzyme in the monomeric form, the experiment with Sephadex G-75 was repeated, with the following modifications, which have been successful in dissociating aggregates of other proteins (Reithel, 1963) : (i) buffer pH changed to 3.8 and sodium thiosulphate omitted; (ii) buffer pH changed to 5-8 and sodium thiosulphate omitted; (iii) buffer pH changed to 10-0; (iv) extract submitted to further ultrasonic treatment (15min.) before application to the column; (v) m-NaCl in 001m-buffer; (vi) 8M-urea in 001M-buffer; (vii) 1% (w/v) sodium dodecyl sulphate in buffer; (viii) 1% (w/v) 2-mercaptoethanol in buffer; (ix) 3% (w/v) 2-mercaptoethanol in buffer. In experiments (i)-(vii) the elution profile was as Fig. l(a) . Sizeofthe mnercaptoethanol-producedfragment. Ultracentrifuge data suggested the mol.wt. was much less than 37100, and this was confirmed when extract containing 3% of mercaptoethanol was applied to a Sephadex G-50 column (nominal exclusion limit 10000), a considerable amount of activity entering the gel particles (Fig. 3a) . A cytochrome c marker was incorporated into the sample. Under identical conditions, no activity was eluted after a cytochrome c marker when mammalian rhodanese was applied to the Sephadex G-50 column in the presence or absence of mercaptoethanol (Fig. 3b) .
RHODANESE SYSTEM OF THIOBACILLUS DENITRIFICANS
Although the mercaptoethanol-produced fragment is small enough to enter a Sephadex G-50 gel, it is totally excluded from Sephadex G-25 (nominal exclusion limit 5000) (see Fig. 3c ).
The method of Andrews (1964) was used to determine the molecular weight of the mercaptoethanol-produced fragment, and of the other rhodanese-active species observed. A column (2.3cm. x 55cm.) of Sephadex G-75 was equilibrated with 0-05M-tris-hydrochloric acid buffer, pH7-2, containing sodium chloride (0.1M). Column packing was checked by running 2ml. of a 0.2% solution of Blue Dextran 2000 through the column. Glucagon, insulin, cytochrome c and mammalian rhodanese were used to obtain the relationship between log(mol.wt.) and elution volume for the column (Fig. 4) Fig. 1(c) , if the third and fourth peaks are taken to be monomer and sub-unit respectively (identified by eluting mammalian rhodanese and cytochrome c from the same column), the second peak corresponds from its elution volume to an aggregate of mol.wt. about 140000-150000, i.e. a tetramer.
Other properties. A rhodanese preparation obtained from a Sephadex G-75 column (plus mercaptoethanol) and previously shown to be substantially pure was used.
(a) Dialysis. On dialysis, considerable activity was lost. This could be partially restored by the addition of mercaptoethanol. Reapplication of the dialysed preparation to Sephadex G-50 did not show the presence of monomeric or aggregated forms of the enzyme.
The dialysed preparation was used in the following experiments. Table 1 . Mercaptoethanol enhanced the activity of rhodanese 1-9-2-4-fold over a concentration range 0-1-3-0% (w/v). This corresponded to final concentrations of 2-1-64-0mM in the completed reaction systems. A 2-2-fold increase in activity was found with reduced lipoate at 10mM, and GSH at 1mM gave a 1-4-fold increase.
(c) pH optimum. This was determined by using tris-hydrochloric acid buffers, pH 7-2-9-0. A broad optimum between pH 8-0 and 9-0 was obtained.
(d) Copper. Copper was not present in the preparation either in the free or bound form (dithizone method of Sandell, 1959) .
(e) Sulphurtransferase activity. The preparation showed no sulphurtransferase activity with mercaptoethanol as substrate, CNS-being produced only when S2032-was present.
DISCUSSION
Aggregate8. In view ofthe specificity ofmercaptoethanol in breaking down rhodanese aggregates it seems likely that these are linked via disulphide bridges. A mammalian rhodanese polymer has been postulated by Sorbo (1953a,b) . He found that insoluble material was sometimes produced on ammonium sulphate precipitation. This was soluble in 0-1M-sodium thiosulphate, however, to give a highly active preparation, from which crystalline rhodanese could be obtained, and he suggested that this thiosulphate-soluble rhodanese represented a polymer in which enzyme molecules were held together with disulphide bridges. Other proteins dissociated by mercaptoethanol are P-mercaptopyruvate sulphurtransferase (EC 2.8.1.2) and serum globulins (Reithel, 1963) .
The mol.wt. of rhodanese 'monomer' has been shown to be 38 000 (36 000 calculated from 4 x subunit mol.wt.), the same as that of the mammalian enzyme. As well as the sub-unit of mol.wt. about 9000, i.e. one-quarter the size of the monomer, a tetramer (mol.wt. about 150 000) has been detected, but no dimer or trimer. A pattern is apparent, with molecular weights of rhodanese-active species occurring in multiples of 4. Some activity is also excluded from: Sephadex G-200 gel (nominal exclusion limit 200000, but probably about 500000 for proteins). Hence a larger aggregate of mol.wt. 600000 may exist, though this activity excluded from Sephadex G-200 gel may be caused by particulate enzyme, i.e. enzyme attached to minute particles of cell debris, not sedimented at 15 OOOg during preparation of the extract.
In view of the existence of several active species of rhodanese the lack of sharpness of precipitation of activity by ammonium sulphate is not surprising, as different species would be expected to be precipitated at different ammonium sulphate concentrations.
FragmentM of lower molecular weight. The larger rhodanese fragment produced by mercaptoethanol was excluded from Sephadex G-25, though not from Sephadex G-50, suggesting that its mol.wt. was 5000-10 000; a determination by using gel filtration gave a value of 7000 with another fragment of mol.wt. 2000.
The action of mercaptoethanol on bacterial rhodanese is similar to its action on ,B-mercaptopyruvate sulphurtransferase (Fanshier & Kun, 1962) . This enzyme isrelated to rhodanese, catalysing the transfer of sulphur from mercaptopyruvate to cyanide and producing pyruvate and thiocyanate. The enzyme has mol.wt. 40 000 and is split into four copper-containing sub-units of mol.wt. 10000 by mercaptoethanol. Both bacterial rhodanese and mercaptopyruvate sulphurtransferase can exist as a highly-active unstable fragment and a less-active stable monomer. Bacterial rhodanese differs from ,B-mercaptopyruvate sulphurtransferase in that it can be further dissociated by mercaptoethanol into fragments of mol.wt. 7000 and 2000, of which the larger is highly active and does not contain copper.
The further dissociation of bacterial rhodanese to particles of mol.wt. 7000 and 2000 by mercaptoethanol suggests a disulphide bridge between the two pieces in the intact sub-unit, which does not exist in the mercaptopyruvate sulphurtransferase sub-unit. Dialysisofthemercaptoethanol-produced fragment of bacterial rhodanese led to a loss of activity, which can be explained either by the removal of mercaptoethanol needed to stabilize the fragment, or by removal of the piece of mol.wt. 2000. No recombination of the bacterial rhodanese fragment to active higher-molecular-weight forms could be detected, as had also been shown for mercaptopyruvate sulphurtransferase.
In contrast with bacterial rhodanese, mammalian rhodanese does not break down into smaller fragments with mercaptoethanol.
Active centre. Inhibition of the enzyme by iodoacetamide and N-ethylmaleimide (both thiol-group alkylators) suggests that thiol groups are necessary for enzyme activity. The mercaptide formers pchloromercuribenzoate and arsenite did not inhibit the enzyme: it is probable that chelation of the mercurial by the cyanide present as substrate protected the active centre. The activating effect of mercaptoethanol on the enzyme supports the idea that thiol groups are necessary for activity.
Inhibition by sulphite points to disulphide groups also being involved, and this conclusion was supported by the deactivating effect of mercaptoethanol at higher concentrations. Although sulphite is an enzyme product, the reaction producing S032-and CNS-is virtually irreversible, so that S032-cannot act by displacing the equilibrium.
It was found for mercaptopyruvate sulphurtransferase that a balance between thiol and disulphide groups was needed for optimum activity, and the same appears to be the case here. Mammalian rhodanese is also inhibited by SO32-and by reagents forthiol groups (Sorbo, 1953a,b Fanshier & Kun (1962) . Villarejo & Westley (1963) suggest that (for mammalian rhodanese) sulphur is removed from 'Enzyme-S' by dihydrolipoate to give lipoate persulphide, which then reacts with cyanide to regenerate the dihydrolipoate and produce CNS-. No inactivation of our enzyme was found on dialysis (unless mercaptoethanol was present initially), and, as dihydrolipoate is present in cells bound to protein (Reed, 1960) , would not be expected if dihydrolipoate is a cofactor. The participation of dihydrolipoate in the bacterial rhodanese system therefore cannot be ruled out.
The pH optimum of bacterial rhodanese is the same (pH 8-9) as that of the mammalian enzyme (pH886).
To conclude, bacterial rhodanese resembles the mammalian enzyme in its use of S2032-as substrate, non-participation of copper in the active centre, formation of aggregates and pH optimum. But in its sensitivity to mercaptoethanol, with the formation of a highly-active unstable fragment, it resembles fl-mercaptopyruvate sulphurtransferase.
Thus bacterial rhodanese is a distinct enzyme, with a unique combination of properties and occupying a transitional position among sulphurtransferases. The discovery of an enzymically active form of rhodanese of mol.wt. approx. 7000 opens up the possibility of structural determinations that could throw further light on the mechanism of action of the enzyme.
The very weak rhodanese activity of the fragment of mol.wt. 2000 is of a very much lower order than that of the fragment of mol.wt. 7000. The low activity shown may be connected with the existence in it of thiol groups formed by the action of mercaptoethanol on the sub-unit of mol.wt. 9000. Disulphide bridges could also be present, possibly by mild reoxidation. This may simulate, inefficiently, the active centre of rhodanese. 
